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Abstract 
Recent research suggests that in Parkinson’s disease the long, thin and unmyelinated axons of 
dopaminergic neurons degenerate early in the disease process. We organized a workshop entitled 
‘Axonal Pathology in Parkinson’s disease’, on March 23rd, 2016, in Cleveland, Ohio with the goals of 
summarizing the state-of-the-art and defining key gaps in knowledge.  A group of eight research leaders 
discussed new developments in clinical pathology, functional imaging, animal models, and mechanisms 
of degeneration including neuroinflammation, autophagy and axonal transport deficits. While the 
workshop focused on PD, comparisons were made to other neurological conditions where axonal 
degeneration is well recognized. 
Main text 
Around 7 - 10 million people worldwide suffer from Parkinson's disease (PD). PD is usually diagnosed 
based on motor symptoms (e.g. tremor, slowness of movements, bradykinesia) which are attributed to 
loss of dopamine in the striatum, as a consequence to degeneration of nigrostriatal dopamine neurons. 
Devising methods to protect the cell bodies of nigral dopamine neurons has long been a research 
priority, but emerging knowledge suggests that the research community should shift its focus from the 
soma to the axonal compartment of dopaminergic neurons.  
‘I had been sitting on these data for two years before I submitted the paper’ – said Dr. Jeffrey Kordower 
in the first talk of the Workshop, referring to his initial skepticism about the finding published in 2013 
that in brains of PD patients, only 3-7 years after the diagnosis the putamen is almost completely 
depleted of TH-positive axons, while numerous cell bodies in the SNpc remain because the death of 
these neurons occurs at much slower pace [1]. It is not known if the axons had already degenerated at 
3-7 years after diagnosis, or they are still there, just not expressing TH and other molecules involved in 
production and maintenance of functional dopaminergic synapses. Unfortunately, it has not been 
possible to address those questions in post-mortem human brains, as a structural marker specific for 
dopaminergic axons is not available, and striatum is innervated by axons from multiple nuclei including 
the cortex, amygdala, and raphe.  
Dr. Kordower also highlighted that studies with the growth factors GDNF/neurturin in monkeys and PD 
patients have suggested that nigrostriatal pathway axons need to be preserved for functional recovery 
to occur [2,3]. Moreover, the restoration of the nigrostriatal pathway alone is not necessarily translated 
to functional benefits as formation of synapses with the right target is also required.  
Degenerative changes that eventually lead to PD diagnosis start several years before the disease is 
discovered, and it is possible that loss of synaptic function in dopaminergic neurons is one of the first 
changes. Dr. Jon Stoessl presented the functional imaging data from PD patients showing evidence for 
early changes in striatal dopaminergic terminals [4]. The changes in effective dopamine turnover in the 
caudate and the putamen occurred even in early disease. An increase in dopamine turnover might be a 
compensatory mechanism that delays onset of clinical symptoms. Changes in dopamine turnover in the 
putamen precede motor symptom onset substantially, estimated about 8 years prior to onset, and 
earlier than changes in dopamine synthesis (estimated about 4-6 years prior to onset) [5,6]. Indeed, in 
non-manifesting subjects with pathogenic LRRK2 mutations, dopamine turnover is increased many years 
or even decades prior to expected disease onset [5]. Moreover, young onset PD patients exhibit greater 
loss of vesicular monoamine transporter (VMAT) compared with onset at older ages, suggesting stronger 
compensatory mechanisms in the younger brains [6]. This suggests that the eventual onset of motor 
symptoms in PD reflects a global failure of the compensatory mechanisms in nigrostriatal dopaminergic 
neurons. It should also be noted that based on PET studies, dopamine transporter binding is reduced by 
an estimated 56-71% of control values at symptom onset [7], whereas cell counts are estimated to be 
reduced by only 31% in the substantia nigra as a whole, and by 64% in the ventrolateral substantia nigra 
[8].  
Evidence supporting the notion that initially PD affects synapses and axons, to higher degree than the 
cell bodies, comes also from pre-clinical research, in particular from some recent genetic rodent PD 
models. This research was elegantly summarized by Dr. Robert Burke in his talk and recent review [9]. 
The models that were discussed include: AAV/2 human a-syn-A53T in rat [10], AAV/6 human a-syn-WT 
in rat [11], hBAC-LRRK2 in mouse [12,13], mBAC-Nurr1(fl/fl)XmBACDAT-CreT2 in mouse [14] and 
Engrailed1 +/- mouse [15,16], and it is likely that there are other models where such changes are yet to 
be reported. All of them present some form of axonal abnormalities in TH-positive nigrostriatal fibers 
before the degenerative processes are detected in the cell bodies. Interestingly, very similar 
manifestation of early axonopathy is present in all of them: ‘swollen’ structures called ‘spheroids’ or 
‘axonal swellings’ appearing in the terminal parts [10,11,13,15,17] or medial forebrain bundle portions 
of nigrostriatal axons [12,14,15]. Similar axonal spheroids were described in the post-mortem brains of 
PD [18] and Diffuse Lewy Body Disease patients [19], and they are also seen in other neurodegenerative 
diseases such as multiple sclerosis (MS). In aforementioned rodent models, the axo-degenerative 
processes are accompanied by other axonal abnormalities that mimic findings made in PD, such as loss 
of dopaminergic phenotype [11,14,15], changes in levels of axonal transport proteins [10], and 
autophagy markers [15]. ‘It is important to emphasize that although this evidence suggests that axons 
are the first site of degenerative change, this does not necessarily mean that the primary disturbance at 
the molecular level first occurs in the axons. For example, a primary disturbance at the nuclear level may 
result in transcriptional, translational or trafficking abnormalities that first manifest as axonal 
dysfunction and degeneration. The critical need to focus on axons for both neuroprotective and 
restorative therapeutics derives not only from their early involvement, but also their essential role in 
dopamine release in the striatum.’ – wrote Dr. Burke and Dr. Tagliaferro in their review [9].  
Some of the axonal changes in the Engrailed1 +/- mouse model were described more in depth by Dr. 
Patrik Brundin. The lack of one Engrailed-1 allele causes slow progressive neurodegeneration of 
nigrostriatal pathway. The axonal ‘swellings’ stained by TH, dopamine transporter (DAT) and VMAT 
appear in the striatum in small numbers as early as 8 days after birth and their size and number 
increases with age [15,20]. A reduction in tissue levels of dopamine in the striatum is not detected until 
8 weeks, and it is followed by degeneration of dopaminergic neurons in substantia nigra [15,16]. The 
loss of nigral cell bodies is accompanied by astro- and microgliosis. The nigral neurons that project to the 
most dorsal striatum also exhibit profound reductions in evoked dopamine release and reuptake. 
Changes in autophagy pathways have been defined in Engrailed1-deficient mice [15], as well as 
increased sensitivity to oxidative stress [21], abnormalities in mitochondrial function [22] and axonal 
guidance [23]. All of these features might contribute to the axonal degeneration (see Fig. 1). 
The mechanisms of axonal degeneration in PD appear complex and studies in simpler non-vertebrate 
models might help dissect the underlying chain of molecular events.  Dr. Scott Brady presented his 
research on axonal transport in the isolated axoplasm from the squid giant axon [24,25], as well as his 
collaboration with Dr. Kordower in mammalian models which found changes in transport motors in PD 
[26]. The biggest advantage of the squid giant axon model is that it overcomes the complexity of 
nervous tissue, which makes it difficult to distinguish neuronal microtubules from glial microtubules, and 
axonal microtubules from dendritic and cell body microtubules. Dr. Brady’s findings pinpointing how 
kinesin and dynein post-translational modifications influence fast axonal transport in the squid giant 
axons may be informative for further studies in PD models.  
Aside from putative impairments of axonal transport, autophagy is another mechanism widely 
considered to be deficient in PD and other neurodegenerative disorders. Dr. Zhenyu Yue highlighted 
how disrupted autophagy could interact with axonal degeneration in PD. Specifically, Dr. Yue’s 
suggested that disruptions in the autophagy pathway gene Atg7 may be associated with enhanced levels 
of endogenous α-synuclein and LRRK2 proteins in PD [27].  
Many mechanisms of the axonal degeneration processes that are suggested to be active in PD were first 
mapped out in the peripheral nervous system studies. Dr. Milbrandt summarized the findings of 
Wallerian degeneration studies and presented newly identified actors such as specific SARM1 and MAP 
kinases and the NAD+ synthetic enzyme NMNAT2. New studies reveal that these pathways cooperate in 
a locally mediated axon destruction program, with NAD+ metabolism playing a central role [28,29].  
In the final talk of the Workshop, Dr. Bruce Trapp described axonal pathology in MS. While MS is an 
inflammatory demyelinating disease, it is now accepted that permanent neurological disability is caused 
by axonal and neuronal degeneration [30]. Axons become transected during immune-mediated 
demyelination [31] and chronically demyelinated axons degenerate due to loss of trophic support 
derived from myelin and oligodendrocytes [30]. Dr. Trapp highlighted that MS patients are diagnosed 
early in the disease. This allows delivery of experimental neuroprotective therapies at a time when 
therapeutic targets are abundant. This stands in contrast to PD where the disease process is presumably 
advanced before diagnosis is made. Novel therapeutics that limit or reverse axonal and neuronal 
degeneration in MS might benefit PD patients as molecular cascades involved in axonal degeneration 
are likely to be shared between these two diseases.  
‘This workshop can be seen as a statement that we, as scientific investigators, need to take a harder look 
at the axons in PD. What will be more important, however, is how we will use the information. 
Ultimately, we would want to point at diagnostic marker, and find therapeutics related to axonal 
degeneration processes, and eventually target those processes to prevent PD’ – concluded Dr. Todd 
Sherer the Chief Executive Officer of The Michael J. Fox Foundation for Parkinson's Research (MJFF).   
Table 1. 
Critical research questions 
• Is axonal degeneration limited to nigral dopaminergic neurons in PD? 
• How does alpha-synuclein influence axonal degeneration? 
• How relevant are the animal models of PD that exhibit axonal degeneration? 
• What are the molecular targets for inhibition of axonal degeneration in PD? 
 
 
Figure 1. 
 
Figure 1.  The word cloud was based on this text and presents axonal degeneration mechanisms in PD 
discussed here. We believe that axonal degeneration starts long before cell bodies in substantia nigra 
are affected, and long before PD is diagnosed. 
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